Numerous studies have linked exposure to stress to adverse health outcomes through the effects of cortisol, a product of the stress response system, on cellular aging processes. Accelerated DNA methylation age is a promising epigenetic marker associated with stress and disease risk that may constitute a link from stress response to changes in neural structures. Specifically, elevated glucocorticoid signaling likely contributes to accelerating DNA methylation age, which may signify a maladaptive stress-related cascade that leads to hippocampal atrophy. We examined the relations among diurnal cortisol levels, DNA methylation age and hippocampal volume in a longitudinal study of 46 adolescent girls. We computed area under the curve from two daily cortisol collection periods, and calculated DNA methylation age using previously established methods based on a set of CpG sites associated with chronological age. We computed a residual score by partialling out chronological age; higher discrepancies reflect relatively accelerated DNA methylation age. We assessed hippocampal volume via T1-weighted images and automated volumetric segmentation. We found that greater diurnal cortisol production was associated with accelerated DNA methylation age, which in turn was associated with reduced left hippocampal volume. Finally, accelerated DNA methylation age significantly mediated the association between diurnal cortisol and left hippocampal volume. Thus, accelerated DNA methylation age may be an epigenetic marker linking hypothalamic-pituitary-adrenal axis dysregulation with neural structure. If these findings are replicated, the current study provides a method for advancing our understanding of mechanisms by which glucocorticoid signaling is associated with cellular aging and brain development.
INTRODUCTION
There is growing interest in understanding the pathways by which stressful experiences affect the aging process, including recent studies of molecular markers of aging, such as epigenetic modifications. One such epigenetic marker, methylation of 5′-cytosine-phosphate-guanine-3′ sites across the genome, has the potential to influence gene expression. Variation in DNA methylation (DNAm) has been found to be associated with aging and with mental and physical health difficulties. [1] [2] [3] Researchers have developed multivariate predictors based on the methylation status of certain CpG sites in order to calculate estimates of chronological age. 4, 5 One specific predictor is capable of accurately estimating DNAm age across several tissues including saliva. 4 This DNAm age metric has been shown to be one of the most accurate biological measures of chronological age reported to date. 4 Importantly, investigators have now documented discrepancies between DNAm age and chronological age, referred to as epigenetic age acceleration, as predictive of all-cause mortality [6] [7] [8] [9] and associated with both stress exposure and the development of psychiatric disorders such as post-traumatic stress disorder (PTSD). [10] [11] [12] These findings indicate that accelerated epigenetic age may be a biomarker of changes in stress-related cellular functioning. 13 Leveraging data from a longitudinal study of familial risk for major depressive disorder (MDD), we quantified DNAm from saliva to estimate DNAm age 4 in a sample of 46 healthy adolescent girls with or without a maternal history of MDD. Participants also provided diurnal cortisol samples and completed magnetic resonance imaging (MRI) scans to assess neural structure. Given that stress has been found to be associated with increased levels of diurnal cortisol in adolescence, 14 accelerated methylation aging 10, 13 and reduced hippocampal volume, 15 we examined the associations among these three variables. We posited that diurnal cortisol levels would be associated with accelerated DNAm age which, as a biomarker of stress due to increased cortisol exposure, would in turn predict reduced hippocampal volume and mediate the association between diurnal cortisol level and hippocampal volume. In secondary analyses to investigate the specificity of this effect to volume of the hippocampus, we repeated the analyses using amygdala volume, another hypothalamic-pituitary-adrenal axis subcortical region responsive to stress but without consistent evidence of glucocorticoid-induced atrophy. 16, 17 Given the recruitment procedures and longitudinal study design, we also examined whether these associations were moderated by either maternal history of depression or by the development of MDD during the course of the study.
MATERIALS AND METHODS
Participants were selected to be at either high or low familial risk for depression based on maternal history of MDD. Specifically, mothers either had at least two episodes of MDD during the child's life, or had no current or past MDD diagnosis. Adolescent girls were included only if they had no current or past MDD both at initial assessment and at the time the saliva sample was obtained for DNAm analysis. MDD was assessed using the Kiddie Schedule for Affective Disorders 18 and participants were rescreened annually for the development of MDD (for more details see ref. 19 ). The 46 girls in this sample included 24 with high familial risk (mean age 12.87, s.d. = 1.31) and 22 with low familial risk (mean age 12.14, s.d. = 1.36) who were matched on age. The majority reported their race/ethnicity as Caucasian (61%), followed by multiracial (33%), African American (2%), Latina (2%) and Asian (2%). Participants provided four daily saliva samples over 2 days for assaying diurnal cortisol. Either at the same time or at a later date, these girls provided a saliva sample for DNAm analysis and completed an MRI scan to obtain T1-weighted structural images of their brain. Only girls with complete and usable data for all three measures were included in this study, and the sample size was not selected to ensure power for a pre-specified effect size. DNAm samples were obtained an average of 0. 30 
Diurnal cortisol methods
Over the course of 2 days, participants provided saliva samples using Salivette kits (Sarstedt, Germany) upon waking, 30 min after waking, midafternoon (~1500 hours) and 30 min before bedtime. Samples were stored frozen at − 20°C until assayed by luminescence immunoassay reagents according to commercial instructions (Immuno-Biological Laboratories, Hamburg, Germany). Total daily cortisol production was calculated as the area under the curve with respect to ground (AUCg) 20 using exact time of sample collection. Outlying values (+2 s.d.) were corrected using winsorizing in the larger sample from the parent study (N = 135). 19 DNA sample processing, DNAm microarray and DNAm age calculation Saliva samples were collected using Oragene kits (DNA Genotek, Ottawa, ON, Canada), and genomic DNA was extracted using the DNeasy Kit (Qiagen, Hilden, Germany). The EZ DNA Methylation Kit (Zymo Research, Irvine, CA, USA) was used to bisulfite convert 750 ng of genomic DNA allowing for sequence-based differentiation of unmethylated and methylated cytosine nucleotides. Following the manufacturer's instructions, an input of~160 ng of bisulfite-converted DNA was used for wholegenome amplification and enzyme fragmentation, then hybridized to a MethylationEPIC BeadChip (Illumina, San Diego, CA, USA), a genome-wide platform that assesses over 850 000 CpG sites. Processed BeadChips were scanned on an Illumina HiScan and intensity values were imported into GenomeStudio (Illumina) for data quality assessment, color correction and background subtraction. A data matrix was then exported as beta values representing percent DNAm ranging from 0 to 1 (0 = unmethylated and 1 = methylated). This output was submitted to the online DNA Methylation Age Calculator (https://dnamage.genetics.ucla.edu) 4 according to instructions, in order to obtain normalized DNAm age measures for each sample. Although the saliva samples consist of heterogeneous cell types, the DNA Methylation Age Calculator of DNAm age estimation has been shown to be robust to this source of variation. 4 As can be seen in Supplemental Figure 1 , we obtained the expected positive association between chronological age and DNAm age (r(46) = 0.34, P = 0.02). The size of the correlation is related to the restricted chronological age range of the sample (that is, a truncated range of chronological age reduces the ability to obtain large correlations with estimated DNAm age), and in fact, 83% of the DNAm samples deviated by o 3.6 years from chronological age, a threshold determined by test samples validating the accuracy of the DNA Methylation Age Calculator. 4 In addition, because DNAm age has been found to vary by ethnic group, 21 we tested for differences as a function of reported race/ethnicity. Caucasian participants did not differ significantly from other/multiracial participants in DNAm age (t(44) = 0.20, P = 0.85). Taken together, these results indicate that the DNAm age estimation metric functions well in this sample and that our results are not confounded by race/ethnicity.
MRI data acquisition MRI scans were acquired at the Lucas Center (N = 21) and the Center for Cognitive and Neurobiological Imaging (CNI; N = 25) at Stanford University. The Lucas Center scans were obtained using a 1.5 T Signa Excite MR system (GE Healthcare Systems, Milwaukee, WI, USA) equipped with a 8-channel head coil, and structural images were obtained using a T1-weighted spoiled gradient-recalled echo sequence with the following parameters: sagittal slice orientation; number of slices = 116; repetition time (TR) = 8.92 ms; echo time (TE) = 3.00 ms; inversion time (TI) = 300 ms; flip angle = 15°; in-plane resolution = 0.86 × 0.86 mm; slice thickness = 1.5 mm; scan duration = 645 s; and matrix size = 256 × 192. The CNI T1-weighted scans were obtained using a 3 T Discovery MR750 MR system (GE Medical Systems, Milwaukee, WI, USA) equipped with a 32-channel head coil using an spoiled gradient-recalled pulse sequence: sagittal slice orientation; number of slices = 186; TR = 6.24 ms; TE = 2.34; TI = 450 ms; flip angle = 12°; voxel size = 0.9 × 0.9 × 0.9 mm; scan duration = 315 s; and matrix size = 256 × 256. Given that we used two scanners, analyses included this variable as a dummy-coded covariate (0 vs 1). In Supplementary Table 2 we present a comparison of participant demographic information and key variables of interest across the two scanners.
Brain volume segmentation
Automated segmentation of subcortical volumes (bilateral hippocampus and amygdala) and estimation of total intracranial volume from the T1-weighted images were obtained via the FreeSurfer software suite (v5.3; available at: http://surfer.nmr.mgh.harvard.edu/ 22 ). This approach has been shown to be robust to anatomic variability, and to have comparable accuracy to manual labeling techniques 22, 23 and acceptable scan-rescan reliability. 24 Using the FreeView image viewer, all subcortical volumes were visually inspected for major segmentation errors; 4/92 hippocampal segmentations and 0/92 amygdala segmentations were excluded.
Data analysis
We created a set of unstandardized residual variables to interpret our three constructs of interest -cortisol AUCg, DNAm age and brain volume -by partialling out chronological age at sample collection/scan for each of these variables in addition to total intracranial volume when computing the residual subcortical volume scores (bilateral hippocampus and amygdala). These scores did not differ significantly by scanner; a repeated measures analysis of variance including structure (hippocampus and amygdala) and hemisphere (right and left) did not yield a main effect of Figure 1 . Diurnal cortisol production (area under the curve with respect to ground; AUCg) is associated with accelerated DNA methylation (DNAm) age.
scanner on estimated volumes (F(1,40) = 2.52, P = 0.12). We used ordinary least squares regression to examine associations among variables of interest. We conducted a single-step mediation analysis using 1000 bootstrap resamples and, given the preliminary nature of this study, calculated 90% confidence intervals to test for indirect effects. 25 when we conducted this mediation model with the subsample with available data in which the requirement for temporal ordering of the variables was met (that is, the sample for cortisol collection preceded the sample for DNAm analysis, and the MRI scan followed collection of the DNAm sample; N = 39).
RESULTS

Diurnal cortisol and DNAm age
DNAm age and bilateral amygdala volume
To evaluate the specificity of the above effect for the hippocampus, as a secondary analysis, we examined the association between DNAm age residual and bilateral amygdala volume. There were no significant associations between DNAm age residual and left (P = 0.92) or right (P = 0.68) amygdala volume.
Associations with familial risk for depression and with the development of MDD The participants with and without a maternal history of depression in this study did not differ on any of the key variables examined in these analyses (Supplementary Table 3) ; moreover, risk status did not moderate any of the observed bivariate associations or the full mediation (Ps40.05). In addition, the subset of girls who developed an episode of MDD after we obtained the saliva samples but before we conducted the MRI scan did not differ from participants who did not develop MDD in left or right hippocampal volume residuals (t(40) = − 0.43, P = 0.67 and t(44) = − 0.28, P = 0.78, respectively); moreover, MDD history did not moderate either the associations with hippocampal volume or the full mediation (Ps40.05). We should note here, however, that we are likely underpowered to detect significant moderations given the smaller sizes of these two subgroups.
DISCUSSION
Accelerated DNAm aging is associated with stress-related processes, and in particular with glucocorticoid-mediated alterations in gene expression. 13 Deviations from age-expected methylation levels may be a link between stressful experiences and negative health outcomes. 10, 26 In this study we documented in a sample of healthy adolescent girls who vary in their risk for MDD that elevated diurnal cortisol production is associated with accelerated DNAm age, which in turn is associated with reduced left hippocampal volume. Moreover, we demonstrated that accelerated DNAm age mediates the association between elevated cortisol and reduced left hippocampal volume, indicating that accelerated DNAm age may be an epigenetic marker linking hypothalamicpituitary-adrenal axis dysregulation with neural structure.
DNAm across the genome 27 and methylation levels within CpG sites in specific genes (for example, SLC6A4, FKBP5, DNMT1 and BDNF) [28] [29] [30] have been implicated in stress-related changes in hippocampal volume and localized gene expression in the hippocampus. The Horvath estimate of DNAm age 4 includes a high proportion of epigenetic markers in glucocorticoid response elements; 13 in the present study we found relatively increased estimates of DNAm age for individuals with higher levels of diurnal cortisol. In addition, we identified both direct and indirect paths linking cortisol and DNAm age, two biomarkers of stress, specifically with reduced hippocampal volume. Cortisol dysregulation has been posited to be a mechanism by which experiences of stress negatively affect hippocampal structure in the developing brain; 31 the present findings are consistent with results of previous research linking cortisol production with hippocampal atrophy 15, 32 and with volumetric reductions in specific subfields of the hippocampus. 33 Due to the resolution of the MRI scans, we were not able to examine hippocampal subfield segmentations; this is an important future direction to investigate the specificity of these effects. In addition, because this was not an experiment, we cannot make causal or mechanistic claims about the associations between these variables. Given that we obtained the pattern of findings we predicted, future research should use more controlled experimental designs to examine these potentially causal and/or mechanistic pathways to disorder.
Although not the focus of the present study, the sample was selected on the basis of familial risk for MDD. Risk status did not moderate any of the observed associations, thus providing preliminary evidence that the associations among the variables examined in this study do not vary as a function of risk for depression. Indeed, researchers have linked environmental stress to changes in DNAm that have functional neural significance in adolescents, independent of familial risk for depression. 34 Although we previously found MDD risk status to be associated with hippocampal volume in a partially overlapping sample, 35 we did not find these effects in our moderation analyses. Interestingly, in that previous study we also identified significant effects of stress on volumetric reductions in the left but not right hippocampus; similar findings have been reported as sequelae of childhood maltreatment. 36 It will be important for future research to elucidate the significance of this laterality effect as there is mixed evidence for left vs right hippocampal volume associations with chronic stress and psychopathology. [37] [38] [39] [40] We should note a number of limitations of this study. Our findings should be considered preliminary due to the potential for false positives that are more likely in small samples and a less stringent statistical threshold used in our mediation analysis. In addition, we included only adolescent females in this study; while this increases specificity in the observed effects, our findings should be replicated in studies with more diverse samples. This is particularly important given findings of sex-specific differences in DNAm patterns in response to environmental stressors. 41 Although this was a longitudinal study, the interval between assessments was variable and, in some cases, was quite large (up to 9 years), and we did not have measures of intervening life stress. We accounted for this variability by controlling statistically for chronological age at each measurement; nevertheless, it is important that our findings be replicated in studies with more consistent timing of measurements. While investigators have reported evidence of accelerated DNAm age in assessments conducted 9 years after the measurement of a stressor in early adolescence, 12 DNAm age can change even within a short period of time 42 and DNAm patterns shift rapidly during childhood and adolescence. 43 In this context, our finding that a stress-related biomarker from early adolescence predicts hippocampal volume measured an average of 4 years later is even more striking. The change in scanner midway through the longitudinal data collection is also worth noting, although there were no systematic differences in the subcortical volumes obtained in the two scanners. We collected cortisol saliva samples, DNAm saliva samples and neural data sequentially in most of our participants; we cannot draw conclusions, however, concerning the causality of the obtained associations. Finally, although there are other epigenetic age calculators available, 5 we were not able to compare DNAm age estimates across methods as was done in previous studies 2, 11 because our samples were derived from saliva, and alternative methods are appropriate only for samples derived from blood. 26 Relatedly, CpG site coverage varied from the 450 K Illumina array to the most recent EPIC chip, and 16 of the original 353 sites of the DNA Methylation Age Calculator (4.5%) were not assessed in EPIC. We should note, however, that in preliminary analyses our group has found high congruence between DNAm estimates using data from the 450 K and the EPIC platforms.
Despite these limitations, our examination of stress-related biomarkers points to mechanisms that might underlie health-related risks. Our findings indicate that cortisol levels, DNAm age and hippocampal volume are associated in a manner that implicates heightened stress affecting broad-based biological markers. This preliminary evidence of stress-related mechanisms underlying risk for mental and physical health difficulties represents an important step toward identifying targets for prevention and intervention efforts.
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